Background: Obese dogs risk poor life quality, creating a need for increased knowledge of metabolism in overweight dogs.
O bese dogs have decreased quality of life, 1 increased risk of developing chronic diseases at a young age, and shortened life-span. 2 Dogs might become overweight for many reasons, and obesity constitutes a complex health problem that cannot easily be solved only by eating less and exercising more. 3, 4 Increasing obesity in the dog population 5, 6 is related to metabolic dysfunctions and hormonal imbalances. [7] [8] [9] Meal composition influences postprandial increases in glucose and insulin concentrations in lean dogs, with time to peak glucose concentration delayed and peak insulin concentration lowered by the food with the highest fat content. 10 In contrast to lean dogs, obese dogs react differently to a standardized dog meal with higher postprandial serum concentrations of glucose, insulin, and triglycerides. 11 The role of cortisol in human obesity has been extensively studied. 12 Potentially, chronic elevations of cortisol in the body could be connected to fat deposition. 13, 14 Accumulation of abdominal body fat is associated with increased serum as well as urinary cortisol concentrations in people, 15 but basal plasma cortisol concentration of obese dogs was not increased. 16 To assess the role of cortisol in obesity, measurement of urinary free cortisol during night-time has been suggested as well as challenging the system by different meals. 13 In this study, urine cortisol/creatinine ratio was therefore measured in morning urine taken at home as well as after the feed-challenge.
The aim was to investigate postprandial metabolic and hormonal responses to a high-fat mixed-meal in healthy dogs and to study if responses differed between lean and overweight groups.
Materials and Methods

Animals
This prospective observational study was performed at the Swedish University of Agricultural Sciences, Uppsala, Sweden. The study population consisted of privately owned intact male show-type Labrador Retrievers and to be included each dog had to be considered healthy by its owner and pass the health examination outlined below. Exclusion criteria consisted of historic or present systemic or organ-related diseases and treatment with antibiotics, nonsteroid anti-inflammatory drugs, steroids, deworming drugs, and proton pump inhibitors within 3 months of the examination day. Dogs were recruited by personal letter to owners of male Labrador Retrievers, mostly located within 100 km of Uppsala. Recruitment and data collection was performed during 1 year and all dogs were sampled once at the same time of day according to a predesigned protocol. Study invitation letters were sent to owners of 715 potentially eligible dogs. Sixty owners replied and their dogs were examined for eligibility by an online survey of the dogs' health status and feeding and exercise routines. Thirty-two dogs were not invited to data collection after the survey due to the exclusion criteria. The remaining 28 dogs were invited to the study, were all confirmed eligible, included in the study, and underwent data collection in the feed-challenge test.
General Study Design
The study was approved by the Ethical Committee for Animal Experiments, Uppsala, Sweden (C180/12), and owner consent in writing was obtained. Dietary history was acquired for each dog and is presented in the Supporting Information. No adjustments were made in the dogs' regular home diets of dry or wet complete dog foods and treats before participation in the study. After an overnight fast of 14-17 hours, a morning spot urine sample was taken from each dog before they left home on the examination day. On arrival at the clinic, dogs were physically examined and fasting blood samples were taken, followed by intake of a test-meal. Postprandially, blood was collected hourly for 4 hours and urine was collected after 3 hours. The study followed guidelines for reporting observational studies in epidemiology. 17 
Assessment of Health Status
The physical examination included general condition, skin condition, rectal temperature, mucus membranes, lymph nodes, heartand lung auscultation, abdominal palpation, and gait. The dogs were weighed and photographed. Routine analyses of hematology a and serum biochemistry b of liver-and kidney function, fructosamine, thyroid, and thyroid stimulating hormone, total protein, albumin, C-reactive protein, and electrolytes were performed. Urine was analyzed with standard dipstick chemistry test c and refractometer for urine specific gravity. 
Body Condition and Grouping
Dogs were assigned a body condition score (BCS) according to the 1-to 9-point scale 18 by the same veterinarian (JS). Dogs with BCS 4-5 were considered lean, dogs with BCS 6 slightly overweight, and dogs with BCS 6.5-8 overweight. Dogs were classified as slightly overweight (BCS 6) when no palpable fat deposits were present. Dogs with palpable fat deposits were classified as overweight. A BCS of 6.5 was specified as a dog fulfilling all criteria of BCS 7 but with less defined fat deposits.
Urine and Blood Sample Collections
Urine was collected by the dog owners with a free catch sampling device.
e Before the examination day, dogs had experienced the urine sampling procedure at least 3 times. On examination day, spot morning urine was collected at home and kept cold on ice during transport. At the clinic, urine samples were transferred to polypropylene tubes f and immediately frozen at À70°C. Three hours after the test meal, postprandial urine was collected and frozen as above.
After the physical examination, a catheter g was placed into the distal cephalic vein and blood samples were collected 15 minutes before (fasting), and then hourly for 4 hours after the test-meal (postprandial period). The catheter was flushed with 2 mL physiologic saline solution after each collection. Serum tubes h were left to clot at room temperature for 30 minutes and then centrifuged at 1500 9 g for 10 minutes. Serum was transferred into polypropylene tubes f and immediately frozen at À70°C. The catheter was removed after the final blood sampling.
Feed-challenge Test
All dogs were exposed to the same feed-challenge test. Dogs were given half their daily energy requirement (DER) of a high-fat mixed-meal. The DER was based on actual body weight (BW) in lean dogs and on the calculated ideal body weight 11, 18 in slightly overweight and overweight dogs. The DER formula used (137 kcal*BW kg 0.75 ) has previously been developed for adult intact Labrador Retrievers. 19 The test-meal was weighed and served with water added to the meal (same amount in grams as the individual test meals). The test-feed i provided 4230 kcal/kg with 51% of the metabolizable energy (ME) as fat, 26% as carbohydrate, and 23% as protein, according to the manufacturer. Nutrient composition and energy content of the test-feed was confirmed by an independent authorized laboratory.
j The postprandial period started at the first bite and all 28 dogs voluntarily consumed all food and water within 10 minutes of being served. The dogs had nothing further to eat or drink and were kept indoors until completion of postprandial sampling.
Analysis of Metabolic and Hormonal Response
Assays. The ELISA assays were performed according to manufacturers' instructions by trained personnel blinded to dog identity. Leptin serum concentration was analyzed in fasting samples, whereas all other serum and urine variables were analyzed in fasting and postprandial samples. Commercially available canine ELISA assays were used to analyze serum leptin k and insulin l concentrations, with mean intra-assay CVs of 5.4% and 5.1%, respectively. Analysis of urine cortisol m (in-house validation available in Supporting Information) and creatinine n concentrations gave mean intra-assay CVs of 2.8% and 2.2%, respectively. All samples were analyzed in duplicate, and the mean of the two results used for data analyses. Serum glucose, triglycerides, free fatty acids, o and total cholesterol were analyzed by routine automatic methods b at the Clinical Pathology Laboratory, University Animal Hospital, Swedish University of Agricultural Sciences, Uppsala, Sweden.
Validation of a Glucagon ELISA for Canine Serum. A human glucagon ELISA (25 lL) p was validated for canine serum at the Mercodia laboratory, Uppsala, Sweden. The process included evaluation of precision of 4 replicates in 7-8 runs, and of recovery in spiked and diluted samples (5 and 7 samples, respectively).
The precision study (at 5.41-9.42 pmol/L) gave a mean interassay CV of 8.6% (range 8.2-8.9%) and a mean intra-assay CV of 3.9% (range 2.5-4.8%). Mean recovery upon dilution was 87% (range 74-98%) and in spiked samples 107% (range 93-126%).
The serum samples in the feed-challenge test were analyzed in duplicate for glucagon concentration with mean intra-assay CV of 3.5% and mean inter-assay CV for the low and high control of 10% and 4.3% respectively.
Statistical Analyses
Commercially available software q was used for statistical analyses and P < 0.05 was considered significant. Results were expressed as mean AE standard deviation (SD). Serum responses to the feed-challenge were evaluated by the Mixed Procedure for Repeated Measures 20 in SAS. 21, 22 In the statistical model, body condition group was defined as an independent variable and the fasting value was included as a time point. The model analyzes the response over time (from fasting to four hours after feeding) in all dogs, as well as differences between groups (lean, slightly overweight and overweight). Thus, the model is capable of overall as well as pair-wise comparisons, but pair-wise comparisons were only interpreted when the overall effect was significant. The model corrects for multiple comparisons by Tukey-Kramer adjustment. The correction factor for this adjustment depends on the data set as a whole and cannot be separately stated. 22 Logarithmic transformation of raw data was performed to correct non-normality for insulin and glucagon concentrations.
Pearson correlation (r) was used to evaluate the relation between fasting leptin concentration and body condition score. One-way analysis of variance and Kruskal-Wallis tests were used for normally and non-normally distributed comparisons between the three groups for leptin and cortisol. Paired t-tests and Wilcoxon signed-rank tests were used for normally and non-normally distributed paired comparisons of urine cortisol between time points. Correction for multiple comparisons was made with Bonferroni (correction factor 3).
Basal insulin sensitivity was estimated using the homeostasis model assessment (HOMA IS) 23 for fasting glucose (mmol/L) and insulin (lU/mL) concentrations. The calculations were made using the non-linear HOMA Calculator.
r Fasting serum insulin concentrations <2.9 lU/mL were entered as 2.9 (the minimum concentration accepted in the calculation). Kruskal-Wallis tests were used for the non-normally distributed comparisons between the body condition groups.
Results
Health Status
Twenty-eight Labrador Retrievers (mean AE SD age 5.2 AE 1.5 years) were included. No clinically relevant abnormalities were detected by hematology, serum biochemistry, or urine analysis. Vital variables at physical examination were within reference ranges, but small health problems were found, e.g. slightly stiff gait and mild lameness, signs of periodontitis, palpable periarticular osteophyte formation, and skin furunculosis. None of the dogs exhibiting the small health problems were excluded as vital variables were normal. For all collected data of included dogs, there were only two missing values (in cortisol concentration).
Classification and Grouping
Twelve dogs were classified and grouped as lean, 10 as slightly overweight, and 6 as overweight according to BCS (Table 1) . Fasting serum leptin concentrations were 3.4 AE 1.9 in lean, 3.7 AE 2.1 in slightly overweight, and 9.0 AE 2.7 ng/mL in overweight dogs (both lean and slightly overweight dogs, P < 0.05 versus overweight dogs). A strong positive correlation between leptin concentration and BCS was confirmed (Pearson's r = 0.69, P < 0.0001). No significant differences were found in dietary history between lean, slightly overweight, and overweight dogs (data presented in Supporting Information).
Metabolic and Hormonal Responses, All Dogs
Metabolic and hormonal serum responses to the high-fat mixed-meal of all dogs are summarized in Table 2 . In all dogs, there was an overall significant difference between time points in triglyceride, free fatty acid, glucose, insulin, and glucagon concentrations (P < 0.0001 for all) but not in cholesterol concentration. Postprandial concentrations of insulin and glucagon were increased at 1 hour (both P < 0.0001), triglycerides at 2 hours (P < 0.0001), and glucose at 3 hours (P = 0.004); and all remained increased throughout the feed-challenge. Free fatty acids were decreased 1 hour postprandially (P < 0.0001) and then remained unchanged. Fasting urine cortisol/creatinine ratio in all dogs was 9.1 AE 2.8 and increased to 11.8 AE 4.6 in postprandial urine (P = 0.001).
Metabolic Responses, Comparisons Between Body Condition Groups
The overall triglyceride response (from fasting to 4 hours postprandially) differed significantly between overweight and lean dogs (P = 0.001), and between overweight and slightly overweight dogs (P = 0.015), whereas slightly overweight and lean dogs did not differ. Pair-wise comparisons between groups at different time-points demonstrated that postprandial triglyceride concentrations were almost two-fold higher in overweight compared with lean dogs at 3 and 4 hours (P < 0.0001 and P = 0.0005, respectively), and 1.6-fold There were no significant differences between groups in fasting triglyceride concentrations; lean 0.44 AE 0.10, slightly overweight 0.52 AE 0.11, and overweight dogs 0.72 AE 0.21 mmol/L, which corresponded to 39 AE 9, 46 AE 10, and 64 AE 19 mg/dL, respectively. Similarly, there were no significant group differences in postprandial triglyceride concentrations at 1 and 2 hours postprandially ( Fig 1A) . Comparing between groups, there were no overall significant differences in free fatty acid, cholesterol, and glucose responses (Fig 1B-D) .
Hormonal Responses, Comparisons Between Body Condition Groups
Comparing between body condition groups, there were no significant differences in insulin and glucagon responses (Fig 1E-F) . Similarly, there were no differences between groups in basal insulin sensitivity assessed by HOMA IS ; lean dogs 261 AE 3.6%, slightly overweight dogs 240 AE 48%, and overweight dogs 251 AE 24%. Fasting mean urine cortisol/creatinine ratio was significantly higher in overweight compared with lean dogs (P = 0.024), whereas no significant differences between groups were seen at 3 hours postprandially. In lean dogs, there was a significant increase in cortisol/ creatinine ratio between fasting and the 3 hour postprandial sample (P = 0.007), whereas no significant differences were found in slightly overweight and overweight dogs (Fig 2) .
Discussion
In the fasted state, serum metabolic and hormonal values did not differ between lean, slightly overweight, and overweight healthy dogs, but after the high-fat meal overweight dogs had higher overall triglyceride response than both lean and slightly overweight dogs, which could be an early sign of metabolic imbalance. Both obesity and overweight are increasing in the dog population. 5, 6 Although overweight dogs often appear healthy, the results of this feed-challenge test show that metabolic alterations might be present. Dog breeds vary considerably in body composition and studies reveal important differences in breed morphology; 24 so, only healthy intact male Labrador Retrievers of show-type and of approximately the same age were studied. This breed was chosen since there might be a genetic basis of obesity in Labrador Retrievers. 25 Postprandial hypertriglyceridemia was considered normal in dogs, 26 but recent attempts have been made to define reference ranges for triglyceride concentrations. In this study, triglyceride concentrations increased after 2 hours and remained increased 4 hours after the meal. Concentrations in lean and slightly overweight dogs were in the range of results in healthy lean dogs of mixed breeds. 27 The overweight dogs had the highest peak triglyceride concentration, but their values were approximately half of that reported in an earlier study of obese dogs. 11 The results give some support to the existence of a close relationship between triglyceride concentrations and body fat, which is reported both in people 28 and dogs. 29 The magnitude and time of the peak glucose concentration depend on a variety of factors, including the timing, quantity, and composition of the meal. Dogs on a traditional diet (55% carbohydrate and 23% fat of ME, respectively) had a higher postprandial glucose peak after 1 hour compared with the same dogs fed a low carbohydrate (25%) -moderate fat (32%) diet, 27 whereas a meal consisting of 40% fat and 37% carbohydrates of ME, respectively, resulted in peak glucose concentrations after 2 to 3 hours. 11 In this study, postprandial glucose concentration was not significantly higher than fasting values until 3 hours after the meal. The high amount of fat in proportion to carbohydrates in the test meal (51% and 26%, of ME, respectively) could explain the slow glucose response in our study in support of earlier observations. , and glucagon (F) are shown as response curves from fasting to 4 hours after feeding. Fasting blood sample was taken 15 minutes before serving of a test-meal at time 0 (arrow). Dogs were divided into body condition groups; lean (BCS 4-5, n = 12), slightly overweight (BCS 6, n = 10) and overweight (BCS 6.5-8, n = 6). Values are given as mean AE SD, and were logarithmically transformed for insulin and glucagon before statistical analyses. Calculations were performed by a mixed procedure model with significance level P < 0.05. Significant differences in overall responses between body condition groups are indicated by asterisks (*P < 0.05, ***P < 0.001). Differences in triglyceride concentrations between overweight and lean dogs ( † † †P < 0.001) and between overweight and slightly overweight dogs ( ‡P < 0.05) at specific time points are indicated. Note the gradual postprandial increase in glucose, insulin, and triglyceride concentrations.
Adding fat to a carbohydrate-rich meal lowers the postprandial glucose response in people, without reducing the insulin response. 30 In this study, postprandial insulin was significantly increased after 1 hour and continued to increase throughout the study period. Similarly, healthy men ingesting a fat-enriched meal show increased postprandial concentrations of insulin and triglycerides, without significant changes in glucose. 31 In this study, no dog displayed hyperinsulinemia or hyperglycemia in the fasting state and no differences were found in postprandial insulin response between groups. All groups had HOMA IS percent similar to values earlier measured in lean dogs. 32 The HOMA method for estimation of basal insulin sensitivity was originally developed for use in people. It is validated for use in dogs but is recommended only for group comparisons in this species. 32 The dogs in this study had naturally acquired overweight, but none of them was markedly obese, which could explain why no differences between groups could be detected by the HOMA IS .
Validation of the canine glucagon assay showed good results, with inter-and intra-assay CVs ≤10%. The sandwich-ELISA uses N-terminal for capture and Cterminal for detection, making cross reactivity to proglucagon derived peptides, a common problem with previous assays, less likely. 33,34,t In response to the high-fat mixed-meal, glucagon concentration increased significantly from 1 hour postprandially, and the overall response was similar to that observed in people after a mixed-meal. 35, 36 In people, the rapid increase in glucagon concentration after ingestion of pure fat diminishes when carbohydrates are added to the food, 37 whereas ingestion of pure glucose leads to decreasing glucagon concentrations. 36 Adding large amounts of fat to a diet increases postprandial glucagon concentrations in people, but can be balanced by carbohydrates. 37, 38 The high-fat content in the test meal could therefore be the cause of the rise in glucagon concentration in the present dogs. In this study, morning urine cortisol/creatinine ratio was higher in overweight than in lean dogs. Similarly, night-time urine cortisol was higher in obese human patients than in normal weight controls. 13 Although a hypothetical role of glucocorticoids in human obesity has been suggested, 13 the role is debated with inconclusive results regarding the assumed positive relationship between cortisol secretion and body fat content. 39 Increased sensitivity along the hypothalamic-pituitaryadrenal axis as well as peripheral alterations of cortisol metabolism could play a role in the pathophysiology of abdominal obesity. 13 A chronically higher cortisol level in the body could potentially increase insulin resistance, and hyperinsulinemia and overproduction of glucocorticoids might result in fat deposition. 13, 14 In this study, the urine-cortisol ratio was at the same level before and after the meal in overweight dogs, whereas that increased level was reached first after the meal in lean dogs. All dogs followed the same protocol and were sampled at the same time of day by the same persons.
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Apart from metabolic functions, cortisol is one of the hormones involved in stress. Excitement caused by the clinical environment and the meal cannot be excluded. We have previously found higher concentrations of stress hormones in a clinical situation compared to morning samples taken in home environment. 41 Furthermore, Labrador Retriever is a breed known to enjoy food. The potential interrelationship between cortisol secretion, metabolism, and stress is interesting and warrants further investigation in overweight and obese dogs.
Free fatty acids decreased significantly 1 hour after the meal and no difference in response was seen between body condition groups. Free fatty acids can inhibit insulin signaling and, in people, incraesed FFA are associated with obesity and insulin resistance. 42 In an experimental set up, plasma FFA were higher in diabetic dogs than in control dogs. 43 The lack of difference between groups in this study is in accordance with the normal insulin and glucose concentrations measured, and the normal insulin sensitivity according to the HOMA calculation. In this study, neither fasting nor postprandial total cholesterol was related to body condition group, and the concentration was not influenced by intake of the high-fat mixed-meal. Fasting total cholesterol concentrations can be increased in obese dogs 7 , and this discrepancy between studies might be explained by differences in body fat content.
The DER obtained with the calculation used (137 kcal* BW kg 0.75 ) corresponded well to a previously recommended formula (DER = 1.8*(70*BW kg 0.75 )) for intact canine adults, but a lower multiplying factor is suggested for obesity prone or inactive dogs. 44 Instead of lowering the multiplying factor in the overweight group of dogs, we chose to feed all dogs according to the calculated ideal body weight. 11, 18 The advantage of this adjustment for food intake is that it could be used both in the slightly overweight and overweight group as Urine cortisol/creatinine ratios in fasting and postprandial samples. Dogs were divided into body condition groups; lean (BCS 4-5, n = 12), slightly overweight (BCS 6, n = 10), and overweight (BCS 6.5-8, n = 6). Values are given as scatter plots with mean AE SD. Significant differences between groups or time points are indicated by asterisks (*P < 0.05, **P < 0.01). ○ fasting, • postprandial it is based on assigned body condition score. The calculated ideal bodyweight and corresponding amount of test feed offered to the overweight group differed significantly from the other two groups (Table 1) . This difference could be due to the ideal-BW calculation-formula that might overestimate lean bodyweight in dogs with BCS ≥7, or could simply be because the overweight dogs were taller and longer than the other dogs in the study (which they visually were). The 1-to 9-point scale for clinically estimating BCS and body fat content correlates well with dual-energy X-ray absorptiometry (DEXA) for dogs with BCS 4-8. 45 All dogs investigated in this study fell within this BCS-range; therefore, the risk of underestimating body fat content was low.
Study Limitations
Despite great efforts, a relatively low number of dogs could finally be included, especially in the overweight group. This was a result of overweight dogs being more difficult to enroll, mainly due to the inclusion criteria of the study, but also to owners' commitment. Hence, negative findings cannot be absolutely trusted in this study. To find relevant differences, power calculations should be made to assess the sample sizes needed for similar future studies. A greater number of dogs and a more equal distribution of lean and overweight dogs would have been preferred, but this proved impossible to achieve. Hence, it was decided before data collection was completed, to divide the dogs based on a clinical perspective. In our clinical experience, a BCS 6 is generally considered only slightly overweight, and as this group of dogs represents a great part of the canine population they were grouped separately. Dogs with palpable fat deposits (≥BCS 6.5) would clinically be considered overweight and were therefore grouped together. The strict inclusion/exclusion criteria otherwise strengthen the study, as previous studies of privately owned dogs with naturally occurring obesity have often included a more heterogeneous dog population that has not been as thoroughly screened as in this study. The sampling time in the postprandial period could have been extended for more than 4 hours, but this was not possible for practical reasons. The diet in home environment was not controlled and differences in feeding regimen could possibly have influenced the results, even though all dogs were fed mainly complete diets, underwent the same fasting period, and had the same test-feed. Furthermore, none of the dogs were fed a high-fat high-energy diet in the home environment (such as the test-meal) or were under extreme training (e.g. hunting dogs, sled-dogs, service dogs) during the period preceding the data collection.
The classification of dogs was made by the same veterinarian according to clinical body condition scoring, which was also confirmed by leptin concentrations. Although this scoring system has proven highly comparable with DEXA within this range of body condition, it is possible that a DEXA-scan could have provided more information. However, DEXA-scan evaluation was not possible in this set up. The dogs in the lean group were mainly in the upper range of normal body composition (BCS 5), and dogs in the slightly overweight group were defined as BCS 6. These two groups of dogs were subsequently quite similar, and the chances of finding significant differences between them therefore reduced.
Conclusions
Overall, postprandial responses to the high-fat mixedmeal were similar to previous findings in people with rapid increase in insulin and glucagon, whereas glucose was not significantly increased until 3 hours postprandially. All dogs responded to the high-fat meal by increase in triglyceride concentrations, but the response was higher in overweight dogs. The other metabolic and hormonal variables did not differ between groups except fasting cortisol/creatinine ratio which was higher in overweight dogs. Although overweight dogs often appear healthy, the results of this feed-challenge test show that metabolic alterations might be present. This emphasizes the need for further studies of this large group of dogs. 
Footnotes
